A serum-free culture of dissociated neurons from embryonic rat hippocampus has been established as a rapid and quantitative in vitro test system for neurotrophic signals in the mammalian brain. By means of this cell culture bioassay, a novel low molecular weight neurotrophic factor (NTF) could be identified. NTF is essential for in vitro brain neuron development, promoting survival and neurite outgrowth. The diffusible factor is synthesized and secreted into serum-free defined medium by cultured astrocytes from rat cerebral hemispheres. The number of viable neurons responding to NTF by neurite outgrowth is dependent on the concentration of the factor. Fractionation of astroglial conditioned medium by gel filtration on columns of Sephadex G-10 recovered biological activity of NTF in a single sharp peak corresponding to an apparent molecular weight of =5OO. NTF is stable to heat and cold and resistant to trypsin and pronase. Unlike nerve growth factor, NTF has no apparent effect on the neurite outgrowth of peripheral neurons. NTF-like activity is present in situ in the mammalian brain, in certain other nonneural tissues, and in C6 and B12 glioma cell conditioned media.
The concept that nonneuronal cells may play an important physiological role in the trophic support of neurons was first proposed by Ramon y Cajal (1) . Compelling evidence for a neurite-regulating role of peripheral and central glia was later presented in several studies (2) (3) (4) (5) (6) (7) (8) . While the action of nerve growth factor (NGF) in the peripheral nervous system has been studied extensively (9) , very little is known about the molecular nature and the underlying mechanism of action of glial signals operating in the mammalian central nervous system (CNS). The substantial lack of information about neuron-glia interactions in the CNS is mainly due to the absence of appropriate in vitro test systems.
In order to investigate the physiological role of neurotrophic factors (NTFs) in the mammalian CNS, a tissue culture assay involving a homogeneous population of identified CNS neurons is highly desirable. Such CNS neurons, when maintained in a serum-free defined culture medium, would be an appropriate test system for trophic signals that could be obtained from other CNS cell types-e.g., glial cells. Thus far neuron regulating activities from CNS have generally been identified by using neuronal cell cultures derived from the peripheral nervous system (2, 4, (10) (11) (12) . Recent test systems for neurotrophic activities in the CNS have used either tissue extract or serum-supplemented non-defined culture media (6, 7) or cell cultures composed of a variety of different cell types (13) .
Therefore, we have established a serum-free defined cell culture system from rat brain (hippocampus) in which an almost pure population of central neurons can be observed and manipulated during in vitro development (14) (15) (16) (17) (18) . Our neuronal cell culture system is a serum-free modification of a hippocampal culture method described earlier (19) (20) (21) . Thus, the present culture medium is free of unknown growth factors from external sources. This primary culture system has been developed recently into a rapid and quantitative bioas-' say for survival and neurite outgrowth (17, 18) , which enabled us in the present investigation to characterize a novel NTF from astrocytes acting on brain neurons, the presumptive in situ target for this glial signal.
In this paper we present quantitative estimates of the survival and neurite-promoting activities of NTF in conditioned medium (CM), molecular properties of the factor, the rate of production of NTF by astroglial cultures, and its target specificity. We further demonstrate the in situ presence of NTF-like activity in embryonic and adult brain, in glioma cell lines, and in certain nonneural tissues.
MATERIALS AND METHODS
Cell and Tissue Culture. Neuronal cultures from rat hippocampus and astroglial cultures from rat cerebrum were prepared in serum-free hormone-supplemented medium as described by Seifert and Muller and coworkers (16) (17) (18) . Dorsal root ganglia (DRG) were dissected from 16-to 17-day-old rat embryos and grown in serum-free culture medium containig 1% (wt/vol) bovine serum albumin. Pheochromocytoma (PC 12) cells were grown as described (22) . The glial tumor cell lines C6 and B12 from rat brain were cultured as described (23) .
Preparation of CM from Astrocytes. CM from primary astrocytes was prepared as described (17, 18) . The culture medium contained serum-free Dulbecco's modified Eagle's medium (DME medium) supplemented with insulin (5 pg/ml), hydrocortisone (20 nM), 3,3',5-triiodo-L-thyronine (0.3 nM), and human transferrin (1 ,g/ml). After incubation of the astroglial cultures in this defined medium for one or more days, the latter was regarded as CM.
Assay for Neurite Outgrowth. A rapid and quantitative estimation of the response of hippocampal neurons to NTF was obtained as follows. Hippocampal cultures were examined under a phase-contrast microscope 16 hr after addition of NTF or astroglial CM, and the cells were scored for the presence or absence of neurites. 
RESULTS
Development of Hippocampal Neurons in Serum-Free Astroglial CM. Protoplasmic astrocytes constituted -80-90% of our serum-free glial cultures from newborn rat cerebrum as visualized by indirect immunofluorescence staining with anti-GFAP antibodies (Fig. 1) . Fig. 2 represents cultures of isolated neurons from embryonic rat hippocampus (day 18 gestational age) in astroglial CM. Approximately 90% of the cultured cells were recently identified as neurons by means of cell type-specific antibodies (16, 17) .
Morphological details of the cultured neurons became visible by immunofluorescence staining with the monoclonal antibody A2B5 (Fig. 2 a and c) . In the presence of sufficient amounts of NTF in astroglial CM, most but not all of the cell bodies extended neurites within 16 hr (Fig. 2 a and b) . The growth cones at the tips of elongating processes expressed characteristic branched structures (see arrows in Cerebral hemispheres were dissected free of meninges, chopped, and dissociated into single cells by incubation in DME medium containing 0.1% trypsin and subsequent mechanical disruption of the tissue by gentle trituration through a Pasteur pipette. Single cells were plated at a density of 5-10 x 10i cells per cm2 in 10-cm Falcon tissue culture dishes containing 10 ml of DME medium supplemented with 20% fetal calf serum. Initially the culture was incubated for 10 days at 37°C in humidified 95% air/5% C02, and the medium was changed twice. Then the culture medium was removed, and the cell layer was carefully washed three times by rinsing with fresh DME medium prior to the addition of 10 ml of serum-free hormone-supplemented DME medium to be conditioned. The culture was grown for 6 days on glass coverslips in serum-free medium prior to immunofluorescence microscopy. ty decreased rapidly within 10 hr in the absence of the neurotrophic activity. Under such conditions, only the nonneuronal cells (-10%) contaminating the hippocampal culture survived. Readdition of CM during the period of neuronal cell death prevented further loss in viability (arrow in Fig. 3 ). The surviving neurons retained their capacity for neurite elongation when sufficient amounts of NTF in CM were supplied.
Even in the presence of fresh DME medium with no supplement, neurons rapidly attached to the culture substratum, but, as is the case for hormone-supplemented nonconditioned medium, the neurons did not survive the initial 10-hr period after plating. Furthermore, preincubation of the polylysine-coated glass coverslips with astroglial CM for several hours did not affect subsequent cell adhesion, survival, or neurite outgrowth.
Neurite-promoting activity. The neurite-promoting activity of NTF was ascertained in dissociated cell cultures prepared from embryonic rat hippocampus. Our test system allowed the rapid and quantitative estimation of NTF in the culture medium by the numerical evaluation of neurite outgrowth. The fraction of viable cells responding to the neurotrophic activity by neurite outgrowth was dependent upon the concentration of the active factor in CM (Fig. 4 Upper). In parallel cultures of primary astrocytes, aliquots of fresh serum-free hormone-supplemented medium were conditioned for periods from 1 to 6 days. The individual batches of astroglial CM were simultaneously analyzed for neurite-promoting activity in parallel cultures of hippocampal neurons. Each CM was serially diluted with fresh nonconditioned medium for bioassay. Throughout the experiment the total number of viable cells remained constant. Batches of undiluted CM gave a maximal response of -70% of the viable cells extending neurites. However, the amount of CM present in the culture medium necessary to bring about a halfmaximal effect of neurite outgrowth (35% of responding cells) decreased with the length of the conditioning period, indicating an increase in NTF concentration. The dose-response curve for 1-day CM (Fig. 4 Upper) further indicates that a 1:20 dilution of the neurotrophic activity, a concentration still sufficient to support survival, failed to induce neurite outgrowth.
The concentration of NTF in astroglial CM increased in a linear fashion for a period of up to 6 days (Fig. 4 Lower) . In order to compare the relative concentrations of NTF in the individual batches of CM, a unit of NTF activity was defined as the amount of factor per ml of culture medium required to produce a half-maximal biological effect. Based on the doseresponse curves (Fig. 4 Upper), the number of units of NTF per ml of each batch of CM could be estimated by a simple calculation. The amount of NTF released by astrocytes into the culture medium per day was -2.4 units/ml of CM.
Characterization of NTF. In order to estimate the size of NTF in astroglial CM, portions of CM were dialyzed against (Upper) Dose-response curves for NTF activity in CM. Aliquots of serum-free hormone-supplemented DME medium were conditioned in parallel astroglial cultures during the following incubation periods: 1 (o), 2 (e), 3 (o), 4 (m), 5 equal volumes of nonconditioned medium. The biological activity of NTF passed through dialysis membranes (Spectrapor) with a molecular weight cutoff of 3500 and was equally distributed between the outer and inner compartments within 10-15 hr.
Samples of CM were then fractionated by gel filtration on a column of Sephadex G-10 equilibrated with DME medium. The eluted fractions were supplemented with hormones and analyzed for their effect upon neurite extension in the hippocampal cultures (Fig. 5) . NTF activity was eluted in a single sharp peak corresponding to an apparent molecular weight of -500. The fractions of the NTF peak exhibited both neurite-promoting and survival activities, as similarly observed for CM. Apparent recoveries of 20-30% of the applied NTF activity were obtained. No biological activity could be detected in the excluded volume of the column.
In other experiments the susceptibility of NTF activity in CM to proteases was investigated. NTF activity could not be destroyed by either trypsin (0.5 mg/ml) or protease (Pronase) from Streptomyces griseus (0.5 units/ml) when incubated for up to 15 hr at room temperature.
NTF is a heat-stable factor because only -50% of the original biological activity was destroyed after incubation of CM for 10 min at 100'C, whereas no activity was lost after incubation for 30 min at 60'C. On the other hand, CM could be Gel filtration of astroglial CM on Sephadex G-10. A column of Sephadex G-10 (0.9 x 54 cm) was equilibrated in DME medium at 4°C. A sample (1 ml) of CM (5 days conditioned, -12.5 units of NTF per ml) was applied to the column and eluted at a rate of 10 ml/hr. Fractions (1.0 ml) were collected in glass tubes, supplemented with hormones, and assayed for NTF activity in the bioassay. Specificity of NTF. The effect of NTF activity on neurons from the peripheral nervous system was investigated. In order to compare NTF in astroglial CM with the neurite outgrowth-stimulating activity of nerve growth factor (NGF), dorsal root ganglion neurons (DRGs) and PC 12 cells were used for bioassay. CM from primary astrocytes did not induce neurite outgrowth in DRG explants from 15-day-old rat embryos but rather stimulated slightly the migration of nonneural cells out of the ganglia (Fig. 6a) . On the other hand, 20 ng/ml of NGF caused the formation of dense fiber halos around the DRGs in parallel cultures (Fig. 6b) .
After 60 hrs, PC 12 cells did not respond to NTF in astroglial CM by neurite outgrowth, whereas in the presence of NGF (50 ng/ml), the extension of processes occurred (data FIG. 6. Comparison of the effects of NTF (a) and NGF (b) on DRGs from rat. DRGs from 15-day-old rat embryos were dissected and grown for 7 days in astroglial CM supplemented with 1% bovine serum albumin (Merck) (a) and in nonconditioned medium supplemented with 1% bovine serum albumin and 20 ng of NGF/ml (b). not shown). Anti-NGF antiserum (5 ul/ml of culture medium) completely inhibited the NGF-induced fiber outgrowth in DRG and PC 12 cells. Control medium was also ineffective in inducing neurite outgrowth in these cells.
In additional experiments the effect of NGF and anti-NGF antibodies were tested on neuronal cultures from rat hippocampus. NGF (1-100 ng/ml) did not induce neurite outgrowth of hippocampal neurons (Fig. 7a) . On the other hand, anti-NGF antiserum (2.5-50 /.l/ml) failed to inhibit the extension of neuronal processes induced by NTF activity in CM (Fig. 7b) .
NTF Activity in Tissue Extracts and Glioma Conditioned Medium. We were able to confirm the in situ occurrence of NTF-like activity in mammalian brain and spinal cord as well as in certain nonneural tissues. 
++
Tissue extracts were prepared from rats by homogenizing equal amounts of tissue with a Dounce homogenizer in 3 volumes (ml) of DME medium per wet weight of tissue (g) at 4°C. The homogenates were first centrifuged at 10,000 x g for 30 min and then at 100,000 x g for 1 hr to remove particulate material. Insulin, hydrocortisone, triiodo-L-thyronine, and transferrin were added to the tissue extracts prior to bioassay. CM were collected from glial cultures after 2 days in serum-free hormone-supplemented DME medium. Aliquots (250 Ml) of the tissue extracts or CM were added to triplicate cultures of hippocampal neurons (total volume of culture medium = 1 ml) and assayed for initiation of neurite outgrowth.
Neurobiology: Mfiller et aL tive amounts of neurotrophic activity detected in various tissue extracts from rat, in CM from primary astrocytes, and in CM from rat glioma cell lines. Embryonic rat brain (day 18) contained more activity than did any of the other neural or nonneural tissue extracts tested.
NTF-like activity was also present in adult brain, spinal cord, skeletal muscle, testis, and B12 and C6 glioma CM. Extracts from lung, liver, and heart muscle were less effective in the bioassay. This activity could not be detected in the following tissues: intestine, kidney, sciatic nerve, spleen, and submaxillary gland. CM from primary astroglial cultures and brain extracts from embryonic rats were equally effective in supporting neurite outgrowth of hippocampal neurons.
DISCUSSION
A new quantitative in vitro test system was established to investigate trophic interactions between isolated brain neurons and astrocytes. We cultured an almost pure population of neurons from embryonic rat hippocampus in serum-free hormone-supplemented medium. This dissociated cell culture system is suitable for the identification and characterization of neurotrophic signals in the mammalian CNS. In the present paper we have investigated a novel low molecular weight NTF from astrocytes that is essential for brain neuron development in culture. The great majority of hippocampal neurons requires NTF for survival (see Fig. 3 ) and neurite outgrowth (see Fig. 4 Upper) but not for cell attachment to the culture substratum. The presence of NTF-like activity in embryonic and adult brain may support the hypothesis that this factor is required to maintain brain neurons during their lifetime.
The neurotrophic activity in CM from astrocytes appears to represent a single molecular component rather than a group of different active factors because the biological activity was recovered in a single sharp peak during gel filtration of CM. NTF is remarkably temperature stable and seems to be protease resistant, suggesting that it may not be a protein.
When one considers this stability of NTF, the linear timedependent increase in factor concentration in CM (Fig. 4 Lower) suggests a constant rate of production of neurotrophic activity by the glial cells. Although astrocytes are not unique in producing NTF activity (Table 1) , the molecular identity of NTF-like activities in brain and certain other nonneural tissues and glioma cell lines remains to be proven.
Experiments on the target cell specificity of NTF in CM demonstrated that, unlike NGF, the neurotrophic activity from astrocytes has no apparent effect on the morphological differentiation of peripheral neurons (DRG and PC 12 cells). However, NTF expresses similar biological activities on neurons from the CNS as does NGF on sensory and sympathetic neurons (26) . Evidence from preliminary experiments in our laboratory further indicates that primary neurons from other parts of the embryonic rat brain-e.g., cerebellumsurvive and grow out neurites in serum-free culture upon addition of NTF activity in astroglial CM (unpublished data).
The NTF that we have identified is a novel activity in the CNS. No other factor with similar biological activities (survival and neurite outgrowth of CNS neurons), cellular source (astroglia), target specificity (central neurons), and molecular properties (e.g., low molecular weight) has yet been described.
There is in vitro evidence from immunofluorescence microscopy (Fig. 2) and from the quantitative bioassay for neurite outgrowth (Fig. 4 Upper) that a small fraction of hippocampal neurons does not extend neurites in astroglial CM, even at high NTF concentrations. This result is consistent with the idea that the hippocampal culture may contain distinct neuronal subtypes (20) . In fact, two subsets of neurons have been identified recently in our cell culture system by their differential capability to take up the inhibitory neurotransmitter t-aminobutyric acid (16) . These considerations suggest that certain subclasses of central neurons (i) may require distinct growth factors ("multifactor hypothesis") or (ii) may become susceptible to NTF at different stages during CNS development ("timing hypothesis"). It is not yet possible to distinguish between these two explanations.
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